The high cost and low scalability of interfacing standard optical fibers to nanophotonic waveguides hinder the deployment of silicon photonics. We propose a mechanically compliant low-cost interface with integrated polymer waveguides. Our concept promises better mechanical reliability than a direct fiber-to-chip coupling and a dramatically larger bandwidth than diffractive couplers. Our computations show a 0.1-dB penalty over a 200-nm bandwidth, whereas typical two-polarization vertical couplers show a $1-dB penalty over a 30-nm bandwidth. In this paper, we present a comprehensive analysis of the design space using optimization routines to achieve a fabrication-and assembly-tolerant design. We demonstrate the concept feasibility through extensive tolerance analysis with parameter control assumptions derived from low-cost manufacturing.
Introduction
Silicon photonics offers a world of new and exciting possibilities enabled by reliable large scale integration of strong optical confinement devices. However, despite significant progress in fabrication of silicon photonic wafers in established production environments [1] , [2] , the deployment of silicon photonics remains small. One of the main obstacles to mass usage of silicon photonics is the difficulty in packaging of photonic chips. The cost of common photonic packaging can be an order of magnitude larger than of the silicon die being packaged with questionable packaging process scalability in volume and input/output port count.
To reach the availability of microelectronics, silicon photonic packaging must reach the affordability and the scalability (in volume and complexity) of microelectronic packaging. We believe the best way to achieve this is by leveraging the existing microelectronic packaging facilities for photonic packaging as we leverage microelectronics wafer production facilities for photonic wafer fabrication. Currently, photonic packaging is not performed in microelectronic packaging facilities but rather in specialized facilities with at best partial automation. This is because current methods are inspired by low-volume telecommunication device packaging, which is not compatible with low-cost, high-volume assembly in microelectronic facilities. To leverage those facilities, a novel approach to photonic packaging is required.
We propose a compliant polymer interface between standard optical fibers and nanophotonic waveguides. This interface can be assembled to nanophotonic dies using standard high-volume, low-cost microelectronic packaging equipment. In this paper, we discuss the optical design of such interface. A first discussion of the mechanical design, the fabrication of the interface, and the assembly process is presented in Ref. [3] . Our concept is presented on Fig. 1 . Standard optical fibers are butt-coupled to mode-matched polymer waveguides. Self-alignment between the fibers and the polymer waveguides is provided by a standard fiber-connector mechanical interface. A 12 Â 1 mechanical transfer (MT) interface is shown in the figure but other standards could be used as well. The cross-section of the polymer waveguide is then adiabatically transformed from a fiber coupler to a higher confinement waveguide for routing. A simple pitch conversion is shown here but any in-plane routing can be envisioned. Finally, the polymer waveguides are adiabatically coupled to nanophotonic waveguides on the photonic chip. Self-alignment between the polymer and the nanophotonic waveguides is generated at interface-to-die assembly by matching pairs of passive re-alignment features fabricated on the polymer interface and the nanophotonic die [3] .
In addition to compatibility with microelectronic packaging equipment, our concept reveals two main advantages to existing approaches. First, we show much larger bandwidth than any solution based on diffractive couplers [4] - [6] . With only a 0.1 dB penalty over a 200 nm bandwidth in the telecom bands, we can amply support coarse wavelength division multiplexing (CWDM) standards that are not supported by the limited bandwidth of vertical grating couplers. Second, we provide mechanical decoupling between the chip and the package through the compliant aspect of our polymeric interface. This significantly improves reliability when compared to solutions employing rigid interfaces or direct fiber to chip assembly [4] - [10] .
Polymer waveguides defined on chip have been previously investigated for interfacing optical fibers to silicon waveguides [10] . However, defining polymer waveguides on chip still requires direct fiber to chip assembly, which exacerbates mechanical reliability and microelectronics integration. Where our approach fundamentally differs is in defining the polymer waveguides on a separate component that can couple to optical fibers via a standard removable fiber interface. This relatively simple conceptual step brings game changing advantages in mechanical robustness and compatibility with microelectronic processing. However, it also offers new optical design challenges related to the use of low-cost fabrication and assembly. These optical challenges are addressed below.
In this paper, we demonstrate the concept feasibility through an extensive tolerance analysis using the parameter control limitations of low-cost manufacturing. We analyze the global optical design space of the interface and show how to achieve high optical performance within the constraints of low cost fabrication and assembly. Design of polymer and similar waveguides has been discussed in the past. Where our approach differs is in (1) exploring design specifically for assembly and (2) seeking a global optimum using optimization algorithms with explicit treatment of fabrication tolerances. We look at all possible designs and polymer systems at once. We map the design parameter space by optimizing the performance at each point. We present the key trends and tradeoffs and analyze all possible anomalies. Several interesting effects are highlighted by our distinctive methodology: high transmission to a standard single-mode fiber can be achieved if the index contrast of the waveguide coupler is near or arbitrarily above the fiber index contrast but cannot be achieved if it is below; the performance sensitivity to fabrication tolerances is highly asymmetric with all parts of the design being significantly more affected by fabrication errors lowering the waveguide confinement than by errors raising the waveguide confinement: the best design point is not at peak performance but at a confinement point above it; the peak performance is surprisingly flat throughout the parameter space but sharp trends emerge when fabrication and assembly tolerances are considered: one must focus on worst-case performance within tolerances rather than peak performance; the choice of absolute index of the polymer waveguide has a negligible impact on fiber buttcoupling but a major impact on adiabatic coupling to nanophotonic waveguides where an optimal value around 1.52 is found for shortest transitions. Although this analysis was performed with a polymer material system in mind, the results presented apply to any material systems within the range of explored index of refraction and index contrast. SiON waveguides are an example of such material system.
Polymer Waveguide Cross-Section Design

Square Cross-Section for Fiber Coupling
We map the parameter space of the polymer waveguide fiber coupler in Fig. 2 . The optimized coupler performance is presented for a large span of polymer refractive index and index contrast. A large number of optical polymers have been developed over the years and the chosen span of refractive indices reflects the parameter space of material possibilities: from fluorinated polymers with low refractive index, such as Cytop by Asahi Glass Corporation with index near 1.33, to polyimide based polymers with index near 1.6. For each point on the map, the square cross-sectional size of a polymer waveguide coupler was optimized using the Brent's method [11] to maximize fiber to polymer transmission. The optimization was restricted to the singlemode regime by applying a large penalty to the optimization error function when the effective index of the second coupler mode reached the cladding index. Here, we restricted the optimization to a square cross-section to ensure no polarization dependent coupling loss. The coupling efficiency computations were performed with a commercial eigenmode expansion software (Fimmprop by Photon Design).
An interesting discontinuity in optimal waveguide size is shown in Fig. 2 (a) near 0.5% index contrast. As shown in the inset of Fig. 2(a) , the transmission shows two maxima with coupler size. As the waveguide size decreases, the mode will first contract and the transmission to a fiber will dip. However, with further waveguide size reduction, the mode confinement drops sufficiently for the mode to start expanding with decreasing waveguide size, which creates a second transmission peak. Just to the left of the discontinuity, the single-mode section of the transmission peak corresponding to the large waveguide provides better transmission than the peak corresponding to the small waveguide. The situation is inversed on the right side of the discontinuity. The staircase shape of the discontinuity corresponds to the map discretization. This transmission bi-stability with core size is not seen throughout the refractive index parameter space. For large index contrast, the large-waveguide peak is completely pushed into the multimode regime and hence inaccessible to the optimization. For small index contrast, the mode expansion with waveguide size reduction is counter-productive and there is generally a single transmission peak that corresponds to the smallest mode size achievable. To ensure we choose the right transmission peak when two are present, we employed a multistart optimization strategy approaching the optimal solution from low and high waveguide sizes and choosing between the two local maxima based on the highest transmission. In principle, it is possible to remove the single mode limitation and use a multimode fiber coupler [12] followed by an adiabatic waveguide size reduction to the single mode regime resulting in radiation of any power coupled from the fiber to the second mode of each polarization. In addition to higher peak coupling efficiency, the multimode transmission maximum is often broader than the single-mode transmission maximum, as evident in the inset of Fig. 2(a) , resulting in enhanced coupling efficiency tolerance to variation in waveguide dimensions. However, the gain in coupling efficiency can be overshadowed by fabrication complications arising from transitioning the multimode fiber coupler to a single-mode waveguide for routing. Such transition either requires a two-layer polymer waveguide structure, as in [12] , or a notable reduction in waveguide width to a polymer routing waveguide that is tall and narrow. The larger the index contrast, the larger the possible gain in coupling efficiency from a multimode coupler, but the larger the corresponding fabrication impediment is. Concerns are mainly with tall-waveguide adhesion for a one-layer polymer waveguide structure and with achievable minimum width at tapering for a two-layer polymer waveguide structure. In short, there appears to be more to gain from fabrication robustness of a single-mode fiber coupler than from the enhanced fiber coupler efficiency of a multimode coupler.
The best achievable transmission is mainly a function of waveguide index contrast and is surprisingly flat with significant penalty only seen for index contrast below the contrast of the optical fiber. However, the reflection is mainly a function of refractive index difference between the fiber and the Fig. 2 . Parameter space of the fiber to polymer waveguide coupler. A polymer waveguide of square cross-section was assumed and its size optimized using Brent's method [11] for best coupling to a standard optical fiber within the single-mode condition. The optical fiber was assumed to have an 8.3 m core of 1.46 index and 0.33% index contrast. The resulting optimal waveguide size is mapped for a range of polymer indices and core contrasts in (a) where the optimization was performed at each point. The corresponding transmission and reflection loss is mapped in (b) and (c), respectively. The inset of (a) illustrates a bi-stability in the solution at the origin of the sharp transition in optimal core size near 0.5% index contrast. The cladding index employed in the inset is 1.51.
polymer. For most applications, an angled fiber to polymer interface, such as the 8 degree standard, is likely to be required for reflection management in most of the parameter space.
The negative aspect of high index contrast becomes obvious when tolerances are considered. This is shown in Fig. 3 where we plot transmission with offsets in fiber to polymer alignment, polymer waveguide size, and wavelength. The impact of the polymer absolute index on tolerances is small so we decided to fix the cladding index to 1.52. This cladding index also corresponds to an optimal solution in polymer to nanophotonic waveguide coupling discussed below. The tolerances in fiber-to-polymer alignment are similar to tolerances in fiber-to-fiber alignment and can be efficiently addressed with existing fiber connector mechanical interfaces. The tolerances in waveguide size tighten significantly with increased index contrast and show larger sensitivity to too small a waveguide than to too large a waveguide. As a result, to maximize transmission within fabrication tolerances, a larger than optimal coupler size should be chosen as the design point and positioned half way between isolines of equal transmission spanning the range of expected fabrication errors. This is illustrated in the center of Fig. 3(b) . Finally, the bandwidth of the coupler is much larger than required by most applications throughout the parameter space with small tightening near the high contrast end.
Rectangular Cross-Section for Routing
The square fiber coupler waveguide is not well suited for routing. As the coupler mode matches the fiber mode, the bend loss of the coupler waveguide approaches that of a fiber as well. While keeping the height unchanged, the polymer waveguide can be widened to allow sharper routing through increased mode confinement. Waveguide widening does not impact the complexity of most polymer fabrication processes. The required bending radii depend on the desired waveguide routing. However, as a rule of thumb, the radii do not need to reach the tightness of on-chip photonic waveguide routing. Mechanical considerations for compatibility with standard fiber interfaces will generally require the compliant interface to expand a few millimeters beyond the nanophotononic chip which will allow most routing schemes with millimeter scale radii.
The assumed fabrication tolerances are presented in Table 1 with tolerances on polymer refractive index including both fabrication and environmental excursions. We consider these tolerances explicitly in design as illustrated in Fig. 4 . Our goal is to ensure, throughout the expected tolerances, single mode operation and bend loss within budgeted bounds. Our approach is to focus on the worse case combination of fabrication errors and environmentally driven excursions for a given parameter. Hence, we compute the width of the rectangular cross-section by looking for the multimode edge with all waveguide parameters biased towards higher photonic confinement by the tolerances of Table 1 . To compute the corresponding worst-case bend loss, we bias the waveguide parameters from the rectangular design point by the expected tolerances towards lower photonic confinement. The result is shown in Fig. 5 . The Brent's method was used to find the multimode edge by searching for the width point where the effective index of the third mode (second TE or TM mode) matched the cladding index. The design of the rectangular cross-section was then set at one fabrication tolerance away from the multimode edge. To compute the bend loss, we further bias the waveguide parameters by one fabrication tolerance towards lower confinement from the rectangular design point. Thus, the bend loss is computed at one fabrication tolerance from the design point but two fabrication tolerances from the TABLE 1 Explicitly assumed parameter tolerances in design multimode edge. The rectangular design point and the resulting worst-case bend loss are mapped in Fig. 5 . An open-source cylindrical mode solver was employed for the bend loss computation [13] .
Two interesting features are present in the rectangular design point of Fig. 5(a) . First, the staircase discontinuity of Fig. 2(a) is naturally transferred to Fig. 5(a) as the rectangular design keeps the waveguide height of the fiber coupler. This is labeled in Fig. 5(a) as the bi-stability in coupler solution of Fig. 2(a) . Second, an oscillation in waveguide width is seen just left of the staircase discontinuity near 0.4% index contrast. This is labeled in Fig. 5(a) as the transition in coupler solution from peak to multimode edge. Its origin can be tracked back to the fiber coupler design as shown in the inset of Fig. 5(a) , which plots the fiber-to-coupler transmission at 1.55 cladding index and various core contrasts. The oscillation is a plotting artifact originating from a transition in the fiber coupler solution accentuated by the corresponding rectangular design optimization. It is a rounded staircase profile generated by the limited discretization of the mapping. To the left of the oscillation, the peak transmission to a fiber is the solution of the fiber coupler optimization. In between the oscillation and the staircase discontinuity, the peak transmission is pushed in the multimode regime of the fiber coupler and is not accessible to the optimization so the multimode edge of the fiber coupler offers the best fiber transmission. To the right of the staircase discontinuity, as shown in the inset of Fig. 2(a) , a second transmission peak at smaller waveguide size provides better transmission than the multimode edge and becomes the solution.
The fiber coupler optimization allows for solutions at the multimode edge while the rectangular design optimization does not. Hence, the rectangular design point highlights fiber coupler solutions that are at the multimode edge by notably reducing the waveguide width to move the design point at one fabrication tolerance from the multimode edge. The resulting rapid change in optimal rectangular waveguide width underscores the underlying map discretization (0.25% steps in index contrast and 0.01 steps in cladding index) and appears as a rounded staircase profile or oscillation. This does not appear in Fig. 2(a) as the transition of the optimization solution from the transmission peak to the multimode edge is smooth and falls in between isolines. Interestingly, the rectangular routing waveguides show larger height than width in the region between the oscillation and the staircase discontinuity. Crossing the staircase discontinuity of Figs. 2(a) and 5(a), one transitions from a tall waveguide to a flat waveguide. It results in a small discontinuity in the bend loss of Fig. 5(b) and (c) near 0.45% index contrast that is amplified at tight bending radii.
Despite the large aspect ratio of some of the rectangular waveguides explored in the parameter space, the difference between the bend loss of the TE and the TM mode remains small. The Fig. 2(a) until the upper limit of waveguide confinement, within fabrication tolerances, reached the multimode edge. The bend loss was then computed at the lower limit of waveguide confinement. The inset in (a) illustrates the origin of the oscillation in routing waveguide width near 0.4-0.5% contrast and just left of the sharp discontinuity related to the bistability of Fig. 2(a) . The fiber coupler solution (circled) transitions from the transmission peak to the multimode edge of the fiber coupler. This transition creates a discontinuity in routing width appearing as an oscillation in the contour plot. The notch in bend loss near 0.4% index contrast corresponds to a transition in the routing waveguide solution from a tall to a flat waveguide.
TE mode provides slightly lower loss than TM on the right side of the map, as expected in flat waveguides where TE is slightly better confined.
The choice of index contrast is a tradeoff between the fabrication tolerances of Fig. 3 and the bend loss of Fig. 5 . For fixed fabrication tolerances, the larger the index contrast, the larger the expected fiber coupler loss is. However, as propagation loss is material absorption limited in most polymers, the larger the index contrast, the shorter the routing and hence the smaller the propagation loss is. Within our assumptions, we find a 0.9% contrast to be optimal and use this design point to compute the adiabatic transitions below. This design point is consistent with a variety of tunable polymer system such as Ormocore by Micro Resist Technology and the commercial polymers described in Refs. [14] and [15] .
Adiabatic Transitions
Transition From Square to Rectangular Polymer Waveguide Cross-Section
The design of the adiabatic transition between the square cross-section of the fiber coupler and the rectangular cross-section of the routing waveguide is shown in Fig. 6 . The waveguide design point is chosen to be at 0.9% index contrast and 1.52 cladding index. The performance of a linear transition, with constant change of width with taper position, is reported in Fig. 6(a) within the fabrication tolerances of Table 1 . The transmission shows high sensitivity to the confinement of the waveguide. A significant drop in transmission occurs when moving, within the expected fabrication tolerances, from the waveguide design point to the lower limit of waveguide confinement. This illustrates the importance of considering the fabrication tolerances explicitly in design.
A non-linear transition can notably improve the taper performance by adjusting the local slope of the changing waveguide width ðdw =dzÞ to what can be tolerated at the local cross-section (w(z)). An improved width profile is shown in Fig. 6(b) . The higher the local confinement in the waveguide, the larger the tolerance to width change is. Hence, the bulk of the width change is concentrated near the rectangular cross-section with the slope of the waveguide width ðdw =dzÞ being 60 times larger near the rectangular cross-section than near the fiber coupler crosssection. This width profile was established by investigating numerically the required width slope ðdw =dzÞ for uniform loss with change of waveguide width ðdP=dw ¼ constant Þ throughout the taper. A polynomial fit was then applied to the numerically obtained slopes at a sample of widths along the taper and integrated to obtain the width profile of Fig. 6(b) . The resulting taper performance is shown in Fig. 6(c) . Comparing to Fig. 6(a) , we see significant improvement in transmission throughout the range of confinement expected within the parameter tolerances of Table 1 .
The optimal transition length depends on the design circumstances. If the propagation length in the polymer interface is set by other constraints than optical design, the longest adiabatic taper possible within the layout of the polymer interface will provide the best performance. However, if the interface propagation length is set by the optical design, the propagation loss needs to be considered explicitly in the choice of the taper length. This is shown in Fig. 6(d) . A 1 dB/cm propagation loss is assumed in the polymer waveguide resulting in a clear transmission optimum near a taper length of 1.5 mm. A higher propagation loss assumption would result in a shorter optimal taper length.
Transition From Polymer to Nanophotonic Waveguide
Adiabatic transitions from on-chip to off-chip waveguides have been previously investigated for silicon nitride optical jumpers [16] . We also became aware of the design of an SU8 to silicon adiabatic transition [17] for board to chip coupling after we performed the current work. Here, we present a comprehensive analysis of a polymer to nanophotonic adiabatic interface including fabrication and assembly tolerances.
The adiabatic coupler between the polymer and the nanophotonic waveguide can be viewed as a simple adiabatic crossing [18] where the width of one waveguide is generally tapered down and the other tapered up. Here, however, this crossing is highly asymmetric with the power transfer being almost exclusively controlled by the nanophotonic waveguide taper. The crosssection of the adiabatic coupler is shown on Fig. 7(a) . We assume the polymer waveguide not to be in contact with the nanophotonic chip and choose a nominal epoxy gap of 1 m. In reality, intimate contact, as assumed in [17] , is difficult to achieve in a manufacturing environment and should not be relied upon in design of a manufacturable chip interface. The silicon nitride layer above the silicon on insulator waveguide is a common feature of CMOS processes and has been included here.
The confinement of the polymer waveguide is limited by the vertical asymmetry of the interface. We have used in Figs. 4-6 the upper range of polymer cladding index for the upper limit of confinement. In the adiabatic coupler, the upper range of polymer cladding index corresponds to the largest vertical asymmetry and hence to the lower limit of confinement. The other confinement trends summarized in Fig. 4 remain unchanged and have been reused here. The confinement is shown in Fig. 7(b) where the effective indices of the polymer modes have been computed in the adiabatic coupler with the silicon taper omitted. At the lower limit of polymer confinement, a modest reduction of $0.5 m in polymer waveguide width results in the polymer modes becoming leaky. In addition, tapering the polymer waveguide has only a negligible impact on effective index. For robustness, we decide to keep the polymer waveguide at its routing cross-section throughout the adiabatic coupler to guarantee proper polymer guidance within fabrication tolerances and environmental excursions.
The position in the silicon taper where the power crosses from the compliant interface to the nanophotonic die can be inhered from the crossing of the effective indices of the silicon and polymer modes. This is shown in Fig. 7(c) where we computed the effective indices of the combined silicon/polymer waveguide and the effective indices of the sole polymer and the sole silicon waveguide. As mentioned above, the polymer waveguide is kept at its routing cross-section throughout the transition. As shown in the insets of Fig. 7(c) , the field profile changes rapidly with silicon width near the effective index crossing position. For optimal performance, a nonlinear silicon width profile is desired with substantially slower tapering where the modes evolve rapidly. A notable advantage of a polymer cladding index near 1.52 is that both the TE and the TM modes cross at a similar position in the silicon taper so a single region of slow tapering is required instead of two slow tapering regions, one for each polarization, which would make the total length of the transition significantly longer. A non-linear width profile was established by investigating numerically the required silicon width slope ðdw =dzÞ for mostly uniform loss with change of silicon waveguide width ðdP=dw ¼ constant Þ throughout the taper. A minimum slope point was found to be required near the effective index crossing point and was widened into a minimum slope plateau to explicitly account for fabrication uncertainties that could shift the crossing point and its related slow tapering requirement. This is illustrated in Fig. 7(d) with the resulting width profile presented in Fig. 7(f) . The non-linear taper shows much improved performance when compared to a linear taper as presented in Fig. 7(e) . In addition, the TM polarization shows better transmission than the TE polarization. This is due to stronger TM field overlap with the silicon taper due to the larger vertical extent of the TM polarization and to the slower mode evolution with silicon taper width of the TM mode as evident by the shallower slope of the effective index of TM in Fig. 7(c) .
The tolerances of the adiabatic coupler to fabrication and wavelength excursions are presented in Fig. 8 . We decompose the fabrication tolerances in two orthogonal threads: 1) variation in power crossover position in the taper and, 2) variation in polymer waveguide confinement. We investigate the impact of the crossover position in Fig. 8(a) by introducing a uniform width bias in the silicon taper. This test is meant to account for variations in silicon width, height, and polymer waveguide effective index. The þ30 nm bias corresponds to a crossover at the left edge of the minimum slope plateau while the À30 nm bias corresponds to a crossover at the right edge of the minimum slope plateau. We find no impact on the taper performance within the expected fabrication variations in the crossover position. In contrast, the impact of polymer waveguide confinement is significant as shown in Fig. 8(b) . The impact. of confinement was isolated by realigning the cross-over position to the center of the minimum slope plateau. This required a À18 nm silicon width bias for the upper limit of polymer confinement and a þ18 nm silicon width bias for the lower limit of polymer confinement. The impact on performance is dominated by the effect of polymer confinement on mode overlap with the silicon taper. This is shown in Fig. 8(d) where the Ex field is plotted for the combined silicon/polymer TE mode with the silicon width set at 45 nm below the crossover position. The lower the confinement, the more the polymer mode is pushed into the polymer cladding, and the lower the overlap with the silicon taper is.
The bandwidth of the adiabatic coupler is shown in Fig. 8(c) . Only a minor impact on performance is seen across the 200-nm-wide band investigated.
The tolerances of the adiabatic coupler to assembly excursions are investigated in Fig. 9 . The epoxy thickness has a major impact on coupling performance as presented in Fig. 9(a) and (b) .
Increasing the epoxy gap from 0.5 to 1.0 m approximately doubles the required coupler length for a nearly lossless TE transition while increasing the epoxy gap from 1.0 to 1.5 m triples the required length for a nearly lossless TE transition. This degradation originates from exponentially smaller mode overlap between the polymer and silicon waveguide with increasing epoxy thickness. Interestingly, reducing the epoxy thickness below 0.5 m appears counterproductive, especially for TM. It is caused by degradation of polymer confinement due to increased vertical index asymmetry at small epoxy thickness. This degradation enhances coupling to radiation modes.
The impact of lateral misalignment is presented in Fig. 9 (c) and (d) with the epoxy gap set to 1 m. The corresponding field profiles of the TE mode near the crossover point are shown in Fig. 9(e) . We find the transmission to be well behaved as long as the silicon taper resides within the width of the polymer waveguide. A large drop in transmission is seen when the silicon taper is placed beyond the polymer waveguide. Then, a large portion of the power stays in the originating waveguide without crossing. The field profiles of Fig. 9 (e) corroborate this trend by illustrating a large drop in field overlap with the silicon taper when it is positioned beyond the polymer waveguide. The field profiles are all plotted at a silicon waveguide width 15 nm below the crossover position. Hence, the smaller interaction between the misaligned waveguides results in a mode residing higher with stronger field overlap with the polymer core than with the silicon core. Our findings are consistent with the computational results presented by [17] despite a somewhat different parameter space. In view of the above data, one may be tempted to notably increase the width of the polymer waveguide for increased assembly tolerances. However, this can be counter-productive. First, the polymer waveguide needs to stay in the single mode regime to prevent mode beating issues that could notably degrade the bit error rate of communication links. Second, increasing the width of the polymer waveguide within the single mode regime will require a very flat aspect ratio that will degrade TM confinement and will increase the required bend radius for routing. The achievable alignment in assembly was investigated in [3] and repeatable self-alignment to better than 2 m was demonstrated.
To maximize coupling efficiency within fabrication and assembly tolerances, one would aim for the smallest epoxy gap, the widest polymer waveguide, and the strongest polymer confinement. Ultimately, propagation loss must be considered to establish an optimal coupler length as done above in Fig. 6(d) . However, this optimal coupler length varies greatly with assumptions on assembly tolerances and propagation loss. In addition, a larger transition loss may be preferred for reduced polarization dependent loss in some instances. All being said, we would expect the optimal taper to be of the order of 1 to 2 mm with a total polymer to nanophotonic transition loss near 1 dB.
Summary of Optimized Design
The optimized optical design of the compliant interface is summarized in Fig. 10 . A polymer waveguide with 1.52 cladding index and 0.9% core contrast is used. The fiber coupler employs a 2.345 Â 2.345 m square cross-section. The waveguide width is then widened to the routing cross-section width of 5.915 m using the non-linear taper of Fig. 6 (b) with a 1500 m length.
The polymer waveguide routing is arbitrary and application dependent. At the cross-section used here, we find from Fig. 5(b) -(c) that a bending radius of $10 mm is needed for negligible bending loss within fabrication tolerances. If tighter bend radii are desired for a given application, a higher core contrast must be used at the cost of tighter fabrication sensitivities, which mainly impact the efficiency of the fiber butt coupler. After the desired routing, the polymer mode is adiabatically transitioned to the nanophotonic waveguide using the waveguide Fig. 9 . Tolerances of the adiabatic coupler to assembly excursions. The sensitivity to epoxy thickness is shown in (a) and (b) for TE and TM, respectively. The required length increases exponentially with epoxy thickness due to degradation of field overlap with the second waveguide. The sensitivity to lateral misalignment is shown in (c) and (d). The transmission remains fairly stable if the silicon taper is within the polymer waveguide width but drops dramatically beyond. The corresponding field profiles are shown in (e) for the TE mode with a 180-nm-wide silicon waveguide. Calculations were performed with a commercial eigenmode expansion software.
cross-section of Fig. 7(a) , the non-linear Si taper shape of Fig. 7(f) , and a taper length of 1750 m. The polymer waveguide stays unvarying at the routing cross-section through the polymer to nanophotonic waveguide transition. An epoxy gap of 0 to 1 m and a lateral alignment of AE2 m are desired between the polymer waveguides and the nanophotonic chip. Such alignment was demonstrated through self-alignment features in [3] .
The total expected optical loss from fiber to nanophotonic waveguide is presented in Table 2 . For peak performance calculations, perfect alignment between fibers and polymer waveguides as well as perfect alignment between polymer and nanophotonic waveguides was assumed. The assumed peak performance propagation loss is 0.4 dB/cm in an isolated polymer waveguide [14] and 2 dB/cm in a polymer to nanophotonic waveguide transition. The worst case loss accounts for the fabrication tolerances of Table 1 and doubles the propagation loss to 0.8 dB/cm in the polymer waveguide and 4 dB/cm at the nanophotonic transition. In addition, it assumes 2 m lateral misalignment at the fiber to polymer waveguide transition and 2 m misalignment at the polymer to nanophotonic waveguide transition.
The minimum number of sections for a compliant interface includes a fiber coupler, a transition to a routing polymer waveguide cross-section and a transition form polymer to nanophotonic waveguide. This is indicated in Table 2 as the loss sub-total, with an expected range from 0.7 to 2.3 dB. As the routing can be arbitrary, it can generate an arbitrary level of loss. To implement the pitch transformation illustrated on Fig. 1 , we estimate an additional loss of 0.3 to 0.6 dB. This brings the total loss of the compliant interface illustrated in Fig. 1 to between 1.0 and 2.9 dB. As with all single-mode optics, time-reversal guarantees the same transmission in both forward and backward directions.
Bandwidth
Here, the bandwidth of the routing can be, in principle, arbitrary with proper waveguide and bend design. Hence, the design-related bandwidth of the compliant interface is fundamentally limited by the fiber to polymer coupler and the polymer to nanophotonic waveguide coupler. The former is shown on Fig. 3(d) and the latter on Fig. 6(c) . For a typical design, the combined wavelength sensitivity does not exceed a 0.1 dB penalty within a 200 nm bandwidth, which is centered here at 1.55 m wavelength. This bandwidth is the design-limited bandwidth which is the most appropriate number for comparison to other coupling schemes. It compares favorably Fig. 10 . Summary schematic of the optimized optical design. The polymer waveguide uses a cladding index ðn clad Þ of 1.52 and a core index contrast ðÁn core Þ of 0.9%. The waveguide width is abbreviated by "w" and the height by "h." The polymer waveguide routing is arbitrary and the s-bend shown is not to be taken literally. The achievable bending radius is provided by Fig. 5(b)-(c) . For the polymer cross-section used here, a bend radius of $10 mm warrants low loss within the range of waveguide confinement resulting from expected fabrication tolerances.
to diffraction based couplers, where the design-limited bandwidth is dramatically smaller with a typical two-polarization vertical coupler showing a 1 dB penalty within a 30 nm bandwidth. If one is to explore systems where very large bandwidths are used, material limitations on spectral transparency must be considered as well. In the case of optical polymers, the spectrum of transparency can vary widely from one polymer to the next. However, as a rule of thumb, most optical polymers show better transparency near 1.31 m than near 1.55 m wavelength with an absorption band near 1.4 m [19] . The design-limited bandwidth of the polymer interface suggests that both the 1.31 and 1.55 m bands could be used simultaneously in a compliant interface.
Environmental Stability
The stability of the compliant polymer interface within excursions in temperature and humidity needs to be considered. Today's optical polymers do not exhibit notable aging [19] . Nonetheless, temperature and humidity can reversibly impact the polymer volume, and in turn the polymer dimensions and the polymer optical properties. In our analysis, excursions in optical properties were included in the target polymer refractive index control of Table 1 . Comparing these control targets to typical values of polymer index sensitivity to environmental factors, we find that the main concern is in drift of the index contrast as typical variations in absolute index can be tolerated. In short, it is preferred to employ a polymer system that does not exhibit a large disparity between core and cladding thermo-optical coefficients.
As far as volume expansion is concerned, the optical polymers will be constrained after assembly from expansion in the direction lateral to the waveguide propagation. For instance, at the interface with the silicon chip, the in-plane dimensional changes of the polymer will comply with the in-plane dimensional changes of the silicon chip as both are bonded together and the silicon is much thicker and stiffer than the polymer. Such constraints prevent misalignments and help with stabilizing the optical properties of the polymer waveguides as the environmental impact on optical properties is mainly through polymer volume change. For example, the typical decrease in refractive index from a raise in temperature would be compensated by lateral compressive strain in the polymer due to lateral constraints on its expansion. If the out-of-plane direction is not constrained, most of the volume expansion of the polymer would be in that direction. This will result in some birefringence in the polymer waveguide. However, such birefringence can be easily tolerated in our design, where structural birefringence dominates in key transitions such as at the adiabatic coupling to the nanophotonic chip.
Conclusion
We proposed a compliant polymer interface between standard single mode fibers and nanophotonic waveguides. We analyzed the optical design parameter space and explained suspected anomalies. We sought a global performance optimum using optimization algorithms with explicit TABLE 2 Expected optical loss from optimized design summarized in Fig. 10 treatment of fabrication tolerances. We presented a comprehensive treatment of assembly tolerances, which have not been notably explored in other design reports. Our work demonstrates the feasibility of the fabrication and assembly of the compliant interface within low-cost manufacturing limitations.
Two key advantages of the concept proposed here are to be highlighted. First, the compliant aspect of the polymer interface mechanically decouples strain between the nanophotonic die and the outer package resulting in the expectation of much higher mechanical reliability than approaches based on rigid connections such as the ones employing direct fiber to chip coupling. Second, the compliant interface offers an order of magnitude larger bandwidth than diffractionbased devices such as vertical couplers.
